In this review self-assembling single-walled porphyrin nanotube (SWPNT) models
Introduction
Non-covalent self-assembly is a prominent and widespread natural phenomenon which involves molecularlevel encoded formation of ordered dimers and higher oligomers of sometimes extremely complex supramolecular systems. [1] The self-assembly strategy utilized by natural compounds is based on cooperative intermolecular interactions, it became a basis for a biomimetic approach towards new materials via "bottom-up" technology. In the past decade, researchers' attention towards studies of selfassembly processes has been exponentially increasing, as understanding this strategy is greatly promising for the design of various functional nano-materials such as molecular switches, luminescent probes, photonic bandgaps and catalysts. [2] [3] [4] [5] The key to understanding the details of selfassembly processes is to study the interdependencies of the self-assembling aggregates' supramolecular structure and the molecular structure of the tectones. Moreover, study of selfassembly mechanisms and properties of the self-assembling structures is a contribution to understanding the nature of life, as self-assembly is the basis for many intracellular processes. [6] Self-assembly of artificial systems is based on employing tectones -molecules containing extra functional groups which define the program of a particular process. Such molecules can auto-arrange into ordered aggregates via various non-covalent interactions (hydrogen bonding, hydrophobic, electrostatic interactions, etc.), a particular interaction set is defined by their electronic and steric properties. Aggregates of water-soluble derivatives of 5,10,15,20-tetraphenylporphyrin (H 2 P(Ph) 4 ) can be used as biomimetic models of systems that undergo self-assembly under conditions similar to physiological (Figure 1 ).
Good solubility of these porphyrins is achieved by ionization of the acidic groups (sodium salts or less often ammonium ones are used) resulting in the formation of the corresponding tetraanions. The most popular specimen is 5,10,15,20-tetrakis(4'-sulfophenyl)porphyn (H 2 P(PhSO 3 H) 4 ), which combines fine solubility in water and synthetic availability. By April 2013, over 1200 papers have been published, devoted to studies of H 2 P(PhSO 3 H) 4 and its aggregates. [7] The zwitter-ion H 4 P 2+ (PhSO 3 -) 4 ( Figure 2 ) is considered to be the tectone for the self-assembly processes of H 2 P(PhSO 3 H) 4 based aggregates. It is formed at low pH, when almost synchronous diprotonation of nitrogen atoms of the H 2 P porphyrin platform of the H 2 P(PhSO 3 -) 4 tetraanion occurs (1). (1)
The рН range corresponding to the existence of H 4 P 2+ (PhSO 3 -) 4 is limited on one part by the diprotonation equilibria of the H 2 P porphyrin platform, which at 298 К are described by lgK b1 and lgK b2 values of 4.85±0.03 and 4.71±0.03, correspondingly, [8] and on the other part -by the protonation equilibria of the sulfonate groups. The protonation constant values of the H 4 P 2+ (PhSO 3 -) 4 sulfonate groups are not determined, but can be assumed to be close to the value for phenylsulfonic acid which has a lgK b = 0.70 (298 К). [9] Figure 1. Water-soluble derivatives of H 2 P(Ph) 4 .
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Ionic self-assembly is considered to be the driving force for the formation of highly ordered aggregates from H 4 P 2+ (PhSO 3 -) 4 zwitter-ions, involving intermolecular electrostatic attraction between the positively charged diprotonated H 4 P 2+ porphyrinic platform and the negatively charged peripheral sulfonate groups of the tectones. [10, 11] 
Properties of SWPNT
The porphyrin chromophore exhibits high sensitivity to intermolecular interactions, which allows the usage of a wide range of spectroscopic techniques in the studies of self-assembly. Three different aggregate types are proposed to exist for H 4 P 2+ (PhSO 3 -) 4 , which differ by the assembly pattern: "face-to-face" H-aggregates, "head-to-tail" J-aggregates and "edge-to-face" T-form aggregates (Figure 3 ). The driving force for the self-assembly of H 4 P 2+ (PhSO 3 -) 4 Н-aggregates is considered to be π,π-stacking and hydrophobic interactions. Each aggregate type can be identified by electronic absorption spectroscopy.
Convergence of porphyrin chromophores to the distance of dipole-dipole interaction generally leads to quenching of luminescence and to exciton splitting of transition energies in the electronic absorption spectra of the aggregates ( Figure  4 ), which depends on the mutual orientation of transition dipoles and is defined by the tectone binding. [13] Excitation to the lowest energy state in H-aggregates and the highest energy state in J-aggregates is not observed as these transitions are forbidden. As a result, when H-aggregates are formed, the absorption maxima undergo hypsochromic shifts (compared to the starting monomer) while for J-aggregates the shifts are batochromic. The formation of T-aggregates results in widened or doubletsplit bands. The name of H-aggregates was derived from the Hypsochrimic shift of their absorption maxima compared to the starting monomer, as for J-aggregates -from the first letter of the surname of one of the two pioneer researchers to describe them, E. E. Jelley [14, 15] and G. Scheibe. [16, 17] The electronic absorption spectra of H 4 P 2+ (PhSO 3 -) 4 aggregates ( Figure 5 ) consist of two strong J-bands at 490 nm and 706 nm, exhibiting a strong hypsochromic shift (about 60 nm from the starting monomer) and a weak band at 420 nm with a 14 nm hypsochromic shift which is attributed to H-aggregates. The presence of both J-and H-bands implies two types of inter-tectone interactions, "head-to-tail" and "face-to-face". [13] It was demonstrated by SAXS and Cryo-TEM that all aggregates obtained by direct self-assembly of H 4 P 2+ (PhSO 3 -) 4 in acidic aqueous media have a morphology of single-walled nanotubes ( Figure 6 ) and no evidence was found for the existence of some other kind of morphology. [7, 12, 19, 20] The diameter of SWPNT varies from 15 to 20 nm, while their length counts dozens to several thousand nm, depending on the conditions of self-assembly. The wall thickness is about 2 nm which is almost precisely the diagonal size of the Supramolecular Principles of Porphyrin Nanotubes Self-Assembly A non-racemic mixture of SWPNT is formed as the result of self-assembly, one of the two enantiomers is formed in a spontaneous excess. Each enantiomer has a definite signal in CD-spectra. [21] A peculiarity of SWPNT is the dependency of a particular enantiomer's yield on the direction of stirring of the solution.
The chirality of SWPNT presumes that the aggregates they consist of form helices oriented along the longitudinal axis of the tube. Experimental data on the geometry (diameter and wall thickness) and optical properties (J-aggregate absorption bands at 490 and 706 nm, H-aggregate absorption bands at 320 nm and chirality) laid the basis for models of supramolecular structure of SWPNT proposed by various authors.
Gandini Model
Gandini et al. [19] suggested a hollow cylinder model of SWPNT, with the cylinder wall consisting of single-molecular J-aggregate layers in lateral section and H-aggregate heaps in longitudinal section (Figure 8 ). The layers have a form of planar rings 1.9 nm wide. Tectones in the layer are "edge-to-edge"-bound by Coulomb interactions and their number is defined by the outer diameter of the SWPNT. The interlayer distance is 0.3 nm. According to the model, with 16 nm diameter and 34 nm length (real SWPNTs, obtained and studied by SAXS technique by the authors) have a thick wall consisting of 113 layers each holding 26 tectones. The Gandini model provides understanding of SWPNTs existence as solid discrete structures [22] and explains the origin of J-and H-bands in the electronic absorption spectra. However, this model has significant drawbacks that question its credibility. The H 4 P 2+ porphyrin platform is an anion-molecular receptor, [8, [23] [24] [25] [26] [27] which has 1,3-alternate geometry and two binding sites located on the opposite sides from the conventional plane of the porphyrin macrocycle and exists only as part of homogenous and mixed complexes of Supramolecular Principles of Porphyrin Nanotubes Self-Assembly with water and/or background anions and as a consequence prevents the self-assembly of SWPNTs from circular J-aggregates. The reasons are similar charges on the deprotonated H 4 P 2+ porphyrin platforms and the shielding effect of the "guests". Ladder type J-aggregates, formed via binding of sulfonate groups in H 4 P 2+ sites (Figure 3 ) are more realistic compared to "edge-to-edge" J-aggregates (Figure 8 ). But even if we consider the layers to be circular ladder-type J-aggregates [12] (Figure 10 ), the question still remains of the reason of ring binding inside SWPNTs and the origin of H-bands. Another significant drawback of the SWPNT model based on circular J-aggregates is the absence of helical chirality motive.
Models Identical to Single-Walled Carbon Nanotubes
Vlaming et al. [20] suggested SWPNT model as a folded sheet of ladder-type porphyrin J-aggregates ( Figure 11 ).
This model explains not only the existence of J-band in SWPNT absorption spectra but chirality as well by an analogy with SWCNT. [28] However, the Vlaming model also has a number of significant drawbacks that question its credibility. While the Gandini model underestimates the interactions of the diprotonated porphyrin platform and the sulfonate groups, the Vlaming model significantly overestimates it, for a single site of H 4 P 2+ receptor cannot bind two sulfonate groups at a time ( Figure 9) . Moreover, the Vlaming model contradicts the experimental data that demonstrate not parallel but orthogonal packing of tectones relative to the longitudinal axis of SWPNT, and does not explain the origin of H-band.
Rich and McHale [29] suggested a model of chiral SWPNT with its surface made of 16-dimensional circular ladder-type aggregates, [18] bound together by hydrogen bonds (Figure 12) .
The Rich and McHale model conforms to most experimental data but still does not explain the origin of H-band. Weak points of this model (inspired by the structure of SWCNT) are the presumption that 16-dimentional circular J-aggregates exist and the uncertainty of hydrogen bonds between them.
Helical Model by Short
The above described models were designed on the ground of SAXS and Cryo-TEM data obtained with a resolution of about 0.5 nm which does not allow the structure of SWPNT to be "seen". Short et al. conducted a Cryo-TEM study with a higher resolution of about 0.2 nm and were the first to demonstrate the nanotubes to possess helical structure. [7] Based on their experiments, they proposed a SWPNT model which is formed by 26 ladder-type J-aggregate helices, 16 nm in diameter ( Figure 13) . Obviously, the Short model is the best match for experimental data on geometry and optical properties of SWPNT that are used as modelling criteria, however it, as well as the previously described models, does not answer the main question about the nature of forces that bind the helices together. As it was mentioned above, the suggestion that H-aggregates play a binding role (based on the interpretation of the 320 nm absorption band), contradicts the properties of the H 4 P 2+ diprotonated porphyrin platform, which is an anion receptor. Figure 14 shows the structure of a SWPNT wall which conforms with the Short theory, re-drawn taking into account the sulfonate groups, that prevent H-aggregates from being formed.
Conclusions
Experimental data obtained by SAXS and Cryo-TEM demonstrates that aggregates based on 5,10,15,20-tetrakis(4'-sulfophenyl)porphine have a morphology of thick single-walled nanotubes with about 2 nm wall thickness and diameter from 15 to 20 nm, dozens to thousands nm in length, depending on the conditions of self-assembly. The low resolution of these techniques does not allow to study the molecular-level structure of SWPNT, which resulted in design of models involving the data from optical spectroscopy that point out SWPNT to possess helical supramolecular chirality and to be constructed from J-and H-type aggregates. Short's theory the is the best to conform to experimental data. It presumes that SWPNT consists of a set of supramolecular Supramolecular Principles of Porphyrin Nanotubes Self-Assembly helices constructed from ladder-type J-aggregates with a "head-to-tail" pattern. However, this model does not reveal fundamental information on the mechanism and stereometry of tectone binding, on the driving force for the twisting of J-aggregates into a helix, and on the nature of the bonds between the separate helices that form the thick wall of SWPNT. One of the further SWPNT research trends that can afford answers for the questions is molecular modelling utilizing modern techniques of computational chemistry.
